1 In this work activated carbon (AC) was used for the removal of cephalexin (CFX) from aqueous solution in a fixed-bed column. The breakthrough curves of the adsorption process of CFX on the walnut shell AC at different mass of the adsorbent, flow rate and initial CFX concentration were determined.
Introduction
Nowadays, a large amount of pharmaceuticals is produced and used in the human and veterinary medical practices, aquaculture and agricultural products. The extensive use of pharmaceuticals has led to the continual release of a wide range of pharmaceutical chemicals into our environment. Major methods used in the removal of pharmaceuticals from wastewater include adsorption [1] , ozonation and biomembrane [2] , biological filtration [3] , and reverse osmosis [4] . Removal of pharmaceuticals from wastewater is largely dependent on their physical and chemical properties, their reactivity towards different treatment processes and process control, such as solids retention time, temperature and hydraulic retention time, and treatment processes can therefore achieve some level of removal [5] . In this regard, adsorption is a simple and effective method that can be used as an efficient method in removal of pharmaceuticals from aqueous solution. Cephalexin (CFX) is the most widely used cephalosporin antibiotic with an annual use of 3,000 tons and annual sales revenue of $850,000,000 [6] . Due to the prevalence of their respective antibiotic family usage, cephalexin was selected. For the removal of CFX from aqueous solution, activated carbon (AC) [7] [8] [9] [10] , bentonite [11] , and polymeric resins [12] were applied. Natural adsorbents due to being inexpensive are widely used as the precursor of AC. In this work, walnut shell as a low-cost material is used to produce AC by using physical activation. Other natural adsorbents such as almond shell [13] , palm shell [14] , rice husk [15] , and rice husk [16] have also been proposed for the production of AC. In this study, the performance of the walnut shell AC for the removal of CFX in a fixed-bed column is investigated. Then, the modeling of the fixed-bed adsorption dynamics is presented and the model parameters are calculated.
Experimental

Materials
Cephalexin monohydrate [(7R)-7-(D-α-amino-α-phenylacetamido)-3-methyl-3-cephem-4-carboxylic acid hydrate] (purity >99.8 %) as an adsorbate was obtained as a gift sample from LOGHMAN Pharmaceutical & Hygienic Co., Tehran, Iran. Its chemical formula is C 16 H 17 N 3 O 4 S (MW = 347.6 g/mol), and λ max = 263 nm. The molecular structure of CFX is illustrated in Fig. 1. 
Preparation and Characterization of AC
The adsorbent was prepared from physical activation of walnut shell that described by P. Nowicki et al. [17] . It was found that the specific surface area, average pore diameter and total pore volume of the walnut shell AC were 161.3 m 
Experimental Setup
The column experiments were conducted in a Pyrex glass tube with an internal diameter of 1.4 cm and a height of 20 cm. The adsorbent was supported by glass wool on the top and also the bottom of the bed to ensure good liquid distribution in the column. The column was packed with 6, 8 and 10 g of walnut shell AC (equivalent to 12, 16 and 20 cm of the bed height) at 303 K and pH = 6. The CFX solution of known concentration (30, 70 and 100 mg/l) was channeled into the column using a peristaltic pump at the favorite flow rate (4.5, 6 and 7.5 ml/min). The CFX solution at the outlet of the column was collected at regular time to determine the remaining CFX concentration using a UV-vis spectrophotometer (UNICAM, 8700 series, USA) at λ max = 263 nm.
Fixed-Bed Data Analysis
The breakthrough curves are usually expressed by the ratio of effluent CFX concentration to influent CFX concentration (C t /C 0 ) as a function of time or volume of the effluent for a given bed height. The effluent volume, V eff (ml), can be calculated by Eq. (1) [18] :
where Q and t total are the volumetric flow rate (mL/min) and total flow time (min), respectively. The value of the total mass of CFX adsorbed, q total (mg), can be calculated from the area under the breakthrough curve that can be written by Eq. (2). 
The amount of equilibrium CFX uptake or the maximum capacity of the column, q eq (mg/g), in the column is calculated as the following:
where W is the dry weight of adsorbent in the column, g. The total amount of CFX (m total ) sent through the column is calculated from Eq. (4):
The removal percentage ( Y ) of CFX can be obtained from Eq. (5):
The flow rate represents the empty bed contact time (EBCT) in the column given as:
EBCT (min) = volume (ml)/flow rate (ml/min) (6)
Results and Discussion
Batch Study
50 ml of CFX solution of different initial concentrations (40, 60, 80, 100, and 120 mg/l) were mixed with 0.45 g of walnut shell AC in 100 ml Erlenmeyer flasks. The amount of CFX adsorbed onto walnut shell AC (q e ) can be calculated as below:
where C 0 and C e are the initial and the equilibrium concentrations of CFX (mg/l), respectively, V (l) is the volume of the solution, W (g) is the mass of adsorbent. The optimum walnut shell AC dose was 0.45 g per 50 ml of CFX solution.
The adsorption equilibrium isotherm of CFX on the walnut shell AC was prepared; it is shown in Fig. 3 . In Fig. 3 , we can see a gradual decrease in the slope of adsorption isotherm, which can be ascribed to the fact that the monolayer, sited in the surface of the adsorbent, have been saturated. In the present work, the Langmuir and Freundlich isotherm models, two classic adsorption models, were used to describe the adsorption equilibrium. The linear form of the Langmuir and Freundlich models are given below, respectively:
where q m is the theoretical maximum adsorption capacity per unit mass of the adsorbent, mg·g -1
; K L and K F are the adsorption constants of the Langmuir and Freundlich models, respectively, and n is the Freundlich linearity index. The model parameters and the correlation coefficients are listed in Table 1 . It can be seen that the best fitting of experimental data was achieved by the Freundlich isotherm model. Fig. 4 shows the effect of flow rate on the breakthrough curves at different flow rates (4.5, 6 and 7.5 ml/min) resulted from the adsorption of CFX on walnut shell AC with the initial CFX concentration of 70 mg/l, and at a constant mass of the adsorbent of 8 g. As can be seen from Fig. 4 , in the case of 7.5 ml/min, a more rapid removal of CFX in the initial step and the rate decreased thereafter to finally reach saturation. As volumetric flow rate increased, the breakthrough curve became steeper and reached saturation more quickly. This means that the contact time between the walnut shell AC and CFX is lower, leading to lower breakthrough and saturation times [19] . The parameters in fixed-bed column for CFX adsorption by walnut shell AC are presented in Table 2 . The breakthrough time t b decreased from 6.7 to 2.8 min when the flow rate enhanced from 4.5 to 7.5 ml/min, which is due to the fact that the contact time between CFX ions and adsorbent at higher flow rate of CFX solution has decreased [20] . According to Table 2 , as flow rate increased from 4.5 to 7.5 ml/min, the value of the total mass of CFX adsorbed dropped from 81.9 to 47.3 mg/g. The results are entirely in agreement with the results of other studies given elsewhere [21, 22] . 
Fixed-Bed Breakthrough Curves at Different Flow Rates
Fixed-Bed Breakthrough Curves at Different Influent CFX Concentrations
The effect of influent CFX concentration on CFX adsorption by the walnut shell AC was investigated at different initial CFX concentration (30, 70 and 100 mg/l). The results are shown in Fig. 5 . As demonstrated in Fig. 5 , the breakthrough curves became steeper as the initial concentration increases. The breakthrough time t b decreases from 15.3 to 3.8 min when the initial concentration increases from 30 to 100 mg/l. The reason can be a quick saturation of the available binding sites for CFX. The slow transport of CFX onto walnut shell AC is due to lower concentration gradient leads to a slower breakthrough curve [23] . The parameters in fixed-bed column for CFX adsorption by walnut shell AC are presented in Table 2 . As shown in Table 2 , the removal efficiency of CFX ions had an increasing trend in column with the decrease in the influent CFX concentration. With the increase in influent CFX concentration from 30 to 100 mg/l, the uptake and corresponding total CFX adsorbed were found to increase from 1.78 to 2.17 mg/g and 25.3 to 33 mg, respectively (Table 2 ). This trend may be due to higher driving force gradient in the higher influent CFX concentration to overcome the mass transfer resistance [24] . The highest removal efficiency (Y = 56.5 %) was obtained for the inlet CFX concentration of 30 mg/l. Accordingly, adsorption antibiotic is more favorable in lower concentration. Table 2 Operation conditions and results for the fixed-bed column experiments (T = 303 K and pH = 6) 
Fixed-Bed Breakthrough Curves at Different Mass of the Adsorbent
The adsorption of CFX in the fixed-bed column is largely dependent on the mass of the adsorbent, directly proportional to the quantity of walnut shell AC in the column. Fig. 6 shows the breakthrough curve of CFX sorption at different mass of the adsorbent. The parameters in fixed-bed column for CFX adsorption by walnut shell AC are presented in Table 2 . From Fig. 6 , it is observed that as the mass of adsorbent increased, both the exhaustion time and effluent volume V eff increased. With the increase in the mass of adsorbent, the V eff increased, which might be due to the more contact time between the adsorbent and the adsorbate [24] . As observed in Table 2 , when the mass of adsorbent was enhanced to 10 g, exhaustion time increased. The EBCT also increased from 1.5 to 2.6 min with the mass of adsorbent increasing from 6 to 10 g. These results indicated that the lower mass of adsorbent (6 g) offered an optimum breakthrough curve. The total surface area was increased with increasing the mass of the adsorption. Despite this, the maximum capacity q eq of CFX on the walnut shell AC adsorption sites was low because not all the surface walnut shell AC were accessible to CFX molecules [25] . Accordingly, a relatively low mass of the adsorbent was beneficial to antibiotics adsorption, which agrees with the result obtained by Chen et al. [21] .
Breakthrough Curve Modelling
Breakthrough curves unveil the concentration profiles in a fixed-bed column. Several simple mathematical models have been developed for describing and analyzing the column experimental data. In this study, four mathematical models have been proposed to predict the breakthrough curves. The suggested models are presented as follows [26] :
Model (2):
Model (3):
Model (4):
The mentioned models include the multiple of a multivariable function and an exponential function for the purpose of enabling the models predicting the breakthrough curves of the axially-dispersed plug flow adsorption processes. This type of modelling of the breakthrough curves has been reported and used by other researchers [27] . For validation of these models the correlation coefficient ( R 2 ), adjusted coefficient of determination (AR 2 ) and the residual sum of squares (RSS) were used. The mathematical formula of RSS is:
where y i is the i th value of the variable to be predicted, x i is the i th value of the explanatory variable, and F(x i ) is the predicted value of y i . The correlation and modelling constants have been determined with respect to O.L.S. method by using Eviews software and are presented in Tables 3-5 . It can be seen from Table 3 that the model (2) has high values of R 2 , adjusted-R 2 and the minimum of RSS for the fixed-bed adsorption column at different flow rates. The model (2) and (4) were the best models that fitted the experimental column data at various influent concentrations (Table 4) . It can be seen from Table 5 that all of the models except model (1) were appropriate for describing the adsorption behavior for the adsorption of CFX onto walnut shell AC in a fixed-bed column at different mass of the adsorbent.
Table 3
The parameters of the adsorption dynamic models for various flow rates Table 4 The parameters of the adsorption dynamic models for different influent CFX concentration Table 5 The parameters of the adsorption dynamic models for different mass of the adsorbent 
RSS
Model W, g C 1 C 2 C 3 C 4 C 5 C 6 R 2 AR 2 RSS
Conclusions
Adsorption in a fixed-bed column was conducted to study the effect of influent adsorbate flow rates and concentration and also the mass of the adsorbent on the adsorption process. On the basis of the experimental results, walnut shell AC was a good adsorbent for the removal of CFX from aqueous solutions in a fixed-bed adsorption column. The removal efficiency was increased with increasing the mass of adsorbent, but decreased with increasing the influent concentration and flow rate. Four mathematical models were applied to the experimental data analysis. The results indicated that the two out of four models could properly predict the adsorption breakthrough curves (R 2 > 0.98).
